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Abstract 
The EnBW post-combustion capture pilot plant at Heilbronn in Germany was built in 2010 and commissioned in 
March 2011. The pilot plant is designed to capture 7.2 tons of CO2 per day from a flue gas slipstream taken 
downstream the FGD of the power plant. For the construction of the pilot plant a partitioned material concept has 
been realized applying both stainless steel and plastics. During a benchmark campaign with 30 wt. % MEA it was 
found that the minimum specific reboiler duty is less than 3.4 GJ/t CO2 at a liquid-to-gas ratio of 2.7 kg/kg and a 
capture rate of 90 %. Solvent samples were analysed by titration and CO2 solvent loadings well above  
0.5 mol CO2/mol MEA were determined. This high CO2 loading is possibly due to good absorptions properties, such 
as the absorption height of 23.9 m, a low gas velocity of approx. 1 m/s in the absorber and low lean solvent and flue 
gas temperatures of 32 and 35 °C. Solvent degradation in the pilot plant is clearly dominated by oxidative 
degradation forming formate and oxalate as major degradation products. Due to the application of the pre-scrubber 
the increase of inorganic salts is more or less continuous at a moderate level. Finally, a system for managing and 
maintaining solvent properties over long operational periods is developed and discussed. 
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1. Introduction 
For several decades amine scrubbing plants have played and still play an essential role for removing 
acid gases, including carbon dioxide (CO2) and hydrogen sulfide (H2S), from various gas streams. Post-
combustion CO2 capture by chemical absorption with amines is regarded as one of the likely CO2 capture 
technologies with large scale demonstration projects in the world. Furthermore, post-combustion capture 
is the most suitable technology to be retrofitted to existing fossil-fired power plants. 
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The post-combustion capture pilot plant at the combined heat and power plant Heilbronn of EnBW 
Kraftwerke AG was built in 2010 and commissioned with monoethanolamine (MEA) in March 2011. 
Within a period of three to five years the pilot plant will be operated as an independent reference plant in 
various research and industrial projects, e.g. the research and demonstration project OCTAVIUS. The 
project on Optimization of CO2 Capture Technology Allowing Verification and Implementation at 
Utility Scale  is part of the 7th framework programme of the European Commission and 
builds upon previous CCS R&D-projects, such as CASTOR, CESAR and CLEO. Besides EnBW also 
fourteen European and two South African partners participate in this project which has started on 1st of 
March 2012 for a period of five years. 
This paper presents first results and operational experiences gained during a benchmark campaign at 
using 30 wt. % MEA as solvent. Focus will be given on 
MEA degradation and the introduction of a solvent management system. 
2. The EnBW pilot plant at Heilbronn 
2.1. Site description 
EnBW  combined heat and power plant Heilbronn is located in South West Germany and has a total 
electrical output of 1020 MWel and a thermal capacity of 300 MWth for district heating. Up to now three 
units (5, 6 and 7) are in operation, whereas the unit 7 is the biggest unit with an electrical output of 815 
MWel. The unit 7 was built as a pulverized bituminous-coal fired boiler and has been commissioned in 
1985 and retrofitted to increase the capacity in 2009 [1]. The boiler is equipped with state of the art flue 
gas cleaning systems, such as high-dust DeNOx-catalyst, electrostatic precipitator (ESP) and wet 
limestone flue gas desulfurization (FGD). 
2.2. Amine scrubbing pilot plant description 
The design of the amine scrubbing pilot plant at Heilbronn is based on a generic industrial amine 
scrubbing plant with some modifications of the process design. The main components of the pilot plant 
are the pre-scrubber, the absorber and the stripper, whereas during the design and engineering phase 
importance has been given to a high operational flexibility of the plant. 
A flue gas slipstream of about 1.200 mN³/h is taken from the bituminous-coal fired unit 7 downstream 
of the FGD. The flue gas first passes the pre-scrubber for further pre-treatment (acid gas scrubbing and 
cooling) before entering the proper CO2 capture process. The pilot plant is designed to capture 7.2 tons of 
CO2 per day at average CO2-concentrations of the power plant and a capture rate of 90 %. A simplified 
flow diagram of the pilot plant is presented in Figure 1. 
For the construction of the pilot plant an alternative material concept has been developed and realized. 
The low temperature sections of the pilot plant namely the pre-scrubber and the absorber columns as well 
as all related piping are made of polypropylene. In addition and due to structural requirements the 
absorber column is coated with glass-fibre-reinforced plastics as a structural layer. This construction 
combines the excellent chemical resistance of polypropylene with the greater mechanical and thermal 
strength of glass-fibre-reinforced plastics. The high temperature sections of the stripper and all related 
piping are constructed in stainless steel. The use of plastics construction materials generally offers 
advantages in construction time, effort and costs. Furthermore, the chosen innovative partitioned material 
concept could form an important step to reduce the investment and operating costs of future 
demonstration or full-scale post-combustion CO2 capture systems. 
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Fig. 1. Simplified flow diagram of the pilot plant
The pre-scrubber, a counter-current packed column with an inner diameter of 0.6 m, consists of a 
single absorption section filled with random packing made of polypropylene. The pre-scrubber enables to
control both the SO2-inlet concentration by adding sodium hydroxide (NaOH) and the temperature of the
flue gas by cooling the circulating wash water.
The absorber column has a total height of about 38 m and an inner diameter of 0.6 m. It consists of 
five absorption sections with a total height of 23.9 m filled with random packing made of polypropylene.
Lean solvent can be added to the absorber at four different positions, giving the flexibility to use different 
packing heights for the CO2 absorption step. In between the first and the second absorption section a
solvent inter-cooling section is available for further process optimization. At the top of the absorber a 
wash water section is arranged divided by two demisters from the downstream and upstream side.
The stripper column has a total height of about 30 m and an inner diameter of 0.6 m. The counter 
current packed column is made of stainless steel (1.4571/316 Ti) and filled with random packing also
made of stainless steel. For the CO2 stripping an external reboiler is operated with saturated steam from 
the power plant. The reboiler is engineered as a shell and tube natural circulation evaporator. The CO2
product stream at the outlet of the stripper is transferred back to the flue gas channel of the power plant.
Up to now no reclaiming unit is installed at the pilot plant. This enables the observation and
understanding of solvent degradation under real power plant operational conditions as well as their impact
on process performance, energy demand, corrosion and emissions.
The CO2 content in the flue gas at the absorber in- and outlet is continuously monitored by an in-situ 
laser gas analyser. A total number of about 120 parameters, such as flow rates, temperatures, pressures
and concentrations are registered and logged by the process control system. Typical solvent analyses for 
the determination of amine concentration, CO2 solvent loading and metal concentration in the solvent are
performed at the laboratory on site. For the total amine concentration and the CO2 loading a standard
titration process is used and the metal concentration is measured by using a colorimeter.
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3.  
The pilot plant was commissioned in March 2011 with a selected benchmark solvent of 30 wt. % 
aqueous monoethanolamine (MEA). The main focus of the first testing campaign was the validation of 
the installed measurement technologies and the applied analytical methods under real power plant 
operating conditions.  
The accumulated operational hours and amount of CO2 captured during the first testing campaign in 
2011 are shown in Figure 2. The pilot plant was operated for about 1.600 hours and a total amount of  
440 t CO2 was captured. During the summer period the power plant was not continuously in operation 
and in the second half of the year the availability of the capture plant slightly decreased due to operational 
problems. Most of the problems occurring during this operational phase could be associated with solvent 
degradation, whereas no solvent reclaiming was performed and no corrosion or oxidation inhibitors were 
added during the entire testing period. 
 
 
Fig. 2. Accumulated operational hours and CO2 captured 
3.1. Solvent analysis 
A standard titration process is used for the analysis of the total amine concentration and the CO2 
loading. Hydrochloric acid (HCl) and sodium hydroxide (NaOH) are used as titrants for determination of 
the solvent amine concentration and CO2 solvent loading, respectively.  
During the validation of the analytical method for measuring the amine concentration, a systematic 
difference between the amine strength determined from lean and rich samples taken at selected 
operational times has been observed, see Figure 3. The difference in the CO2 solvent loading for the lean 
and rich samples and its effect on the solvent density have been identified as reason for the differing 
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amine concentrations. Amine concentrations determined for solvent samples with different CO2 solvent 
loadings become comparable when corrected by a factor taking, which takes the ratio of solvent density at 
original CO2 loading and at zero CO2 loading (reference case) into consideration. The differences in the 
amine concentration analyses as received and the impact of referencing to zero loading conditions for a 
total of three lean and three rich samples is shown in Figure 3. The upper line represents the target MEA 
concentration of 30 wt. % during the benchmark campaign in 2011. The high CO2 loadings of the rich 
solvent samples have a large influence (differences between as analysed and CO2-free conditions are 
approx. 3 wt. %) on the amine concentration, whereas the influence for the lean solvent samples is 
smaller (differences between as analysed and CO2-free conditions are approx. 1.5 wt. %).  
 
 
Fig. 3. Differences in amine concentration measurements (as analysed/CO2-free) 
3.2. CO2-absorption process 
After the validation of the measurement technologies and analytical methods first parameter tests were 
carried out in order to obtain the pilot plant characteristics under real power plant conditions. It was found 
that the minimum specific reboiler duty for the benchmark solvent 30 wt. % MEA is less than  
3.4 GJ/t CO2 with an absorber liquid-to-gas ratio of 2.7 kg/kg and a capture rate of 90 %. 
In Figure 4 the CO2 solvent loading and solvent temperature profiles are shown in dependence of the 
absorption height. The test run has been performed with the full absorber height of 23.9 m. The CO2 
solvent loading rises from 0.25 mol CO2/mol MEA of the lean solution entering at the top of the absorber 
to a value of 0.54 mol CO2/mol MEA of the rich solution leaving the absorber at the bottom part of the 
column. The comparably high CO2 loading value, well above 0.5 mol CO2/mol MEA, is possible due to 
bicarbonate formation of MEA and CO2 [2] because of beneficial absorption properties. Among others 
these properties are characterized by the large absorption height of 23.9 m, a low gas velocity of approx.  
1 m/s in the absorber column and a generally low temperature level of the in- and outflowing flue gas and 
solvent streams. When operating the absorber with the overall five absorber sections, the section number 
4 shows the best properties to capture CO2. The CO2 solvent loading values increase from 0.32 to 0.41 
mol CO2/mol MEA. The maximum solvent temperature reaches values of around 74°C after the absorber 
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section 5. The increase of the solvent temperature and CO2 loading across the absorber sections is in good 
accordance, since the absorption of CO2 by the solvent is an exothermal process. 
 
 
Fig. 4. Temperature and CO2 loading in dependence of absorption height 
3.3. Solvent degradation 
Amine degradation is a very slow phenomenon and has mainly two reasons: flue gas components 
entering the capture plant and high temperatures in the stripper [3]. Basically three types of amine 
degradation are described in literature [3, 4]: thermal degradation, carbamate polymerization and 
oxidative degradation in the presence of oxygen. For primary and secondary amines thermal degradation 
as well as carbamate polymerization are relevant and occur at stripper conditions facilitated by high 
temperatures and the presence of CO2. As tertiary amines do not form carbamates, they do not undergo 
this type of carbamate polymerization.  
In particular the oxygen concentrations in the range of 3 - 5 Vol. % of coal-derived flue gases entering 
the absorber are one of the main parameters influencing solvent degradation. A lot of work has been 
carried out in laboratories and in pilot plants to understand the degradation mechanisms and to search 
possible parameters influencing the degradation rate. A comparison of degradation products from pilot 
plants and lab-scale experiments is reported in [5, 6]. It was found that the dominate type of degradation 
of MEA in pilot plants is the oxidative degradation and is mostly expected to take place in the absorber 
section since the oxygen concentration there is the highest. 
The formation of organic carboxylate acids, e.g. formate, acetate, glycolate and oxalate and their 
possible further reaction with MEA or degradation products to high-molecular degradation compounds, 
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such as N-(2-hydroxyethyl)formamide (HEF) -bis(2-hydroxyethyl)oxalamide (BEHOX) are
described in [6, 7]. Furthermore, volatile compounds, e.g. ammonia, aldehydes and alkyl-amines are
known degradation products of the oxidative degradation.
Solvent samples from the Heilbronn pilot plant were analysed by an external laboratory using ion
chromatography (IC). The analysis was performed in order to determine the acid anions as well as metals 
being dissolved in the solvent solution. The development of the organic and inorganic acid anions and
metals during the campaign in 2011 is shown in Figure 5. The inorganic acids originate from the flue gas
entering the absorber-stripper system. Due to the air pollution control devices of the power plant as well
as the application of the pre-scrubber the increase of theses acidic compounds is more or less continuous
over the operational time resulting in moderate concentration levels of 370 mg/l sulfate and 150 mg/l
nitrate at the end of the test campaign. The solvent concentration of chloride with less than 10 mg/l is
negligible. The most important organic acid anions analysed in the solvent are formate with a
concentration of 1.260 mg/l and oxalate at a value of 560 mg/l.
Fig. 5. Development of the organic and inorganic acid anions and metals during the campaign
The amount of organic acid anions and dissolved metals rises during the campaign, whereas a
deflection point was found at around 900 operational hours. From laboratory testing [4, 8] it is known that 
iron is able to catalyse the oxidative degradation of MEA. It can be assumed that a high concentration of 
ionic compounds in the solvent generally supports a higher dissolution of metals, such as iron. This 
combined and interdependent effect possibly explains the almost exponential built-up of degradation 
products and metal concentrations over the operational time. The iron concentration follows the formate
and oxalate built-up whereas the concentration of chromium and nickel also seems to correlate with the
MEA degradation expressed by the increase of organic anions in the solvent solution.
At the end of the test campaign the colour of the solvent has changed from an almost transparent 
solvent at the beginning into a deep brown-black liquid at the end of the campaign. For the separation of 
solids in the solvent stream a mechanical filter is located between the stripper pump and the
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heat-exchanger. In the last period of the campaign this filter was often blogged and had to be cleaned 
several times a week. In order to maintain the stripper pressure at about 1 barg a spring-loaded valve is 
installed in the CO2 product pipework. At the later stage of the test campaign ammonium-bicarbonate was 
found in solid crystals inside the pressure valve causing blogging and malfunction of the valve. The 
ammonia required to form the ammonium-bicarbonate is supposed to originate from the intensively on-
going decomposition processes in the solvent solution, already indicated by the high formation rates of 
organic salts and other components shown above. 
4. Solvent management and reclaiming technology 
In petrochemistry amine scrubbing plants play an essential role for removing acid gases from various 
gas streams. A lot of experience exists in reclaiming technologies for alkanolamine-based gas sweetening 
processes and the removal of degradations products, such as heat-stable salts (HSS) [9]. In the case of 
petrochemical applications, HSS are formed by the reaction of inorganic acid components of the treated 
gas and the alkanolamine used. Due to the nature of the closed absorber-stripper process these HSS and 
other degradation products accumulate over operational time. Operational problems like corrosion, 
emissions, increased solvent density and viscosity and therefore decreased process availability and 
performance with higher energy consumption are unavoidable [10]. 
Currently, there is no reclaiming unit installed at the Heilbronn pilot plant. Basically, three different 
reclaiming methods applied in petrochemistry exist which are suitable for amine-scrubbing plants: 
Thermal reclaiming (atmospheric and vacuum), electro-dialyses and ion-exchange. Up to now, the 
experience with these technologies when using flue gas from coal fired power plants is very limited. The 
conditions for the separation of CO2 in fossil power plants are quite different from those found in 
petrochemistry. The main reason is the difference in the flue gas composition, e.g. the presence and 
concentration of components such as O2, SO2 and NO2. In addition, the concentration of major 
components, such as O2, varies during load changes of the power plant.  
Bituminous-coal fired power plants are typically operated for about 4.000 to 7.500 hours per year. In 
order to minimize the operational costs and maximize the availability of a post-combustion CO2 capture 
plant operational conditions found at the Heilbronn pilot plant after 1.600 hours without reclaiming 
should be avoided by suitable countermeasures. Among others this could consist the controlling of the 
solvent impurities build-up rates by regular or continuous removal of degradation products down to 
certain levels. Actually, there are no thresholds or indicative values available for acceptable concentration 
levels of degradation products in the case of CO2 post-combustion capture for power plants. Such limits 
or guide values have to be developed in pilot and demonstration plants over long-term operation under 
real power plant operation conditions.  
For petrochemical applications, recommended limit values of individual species of HSS-anions in 
amine scrubbing plants are presented in Table 1. The total HSS level should not exceed 0.5 wt. % of the 
total solution [11]. 
Table 1. Recommended limits of individual species of HSS-anions 
Species Limit [ppm] 
Oxalate 250 
Formate, glycolate 500 
Acetate 1000 
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Besides the definition of threshold values, there is no clear proof of concept of efficient reclaiming 
technologies for amine-based post-combustion capture systems in coal-fired power plant applications. 
One of the key challenges for a suitable reclaiming process is an effective control of the concentrations of 
degradation products, i.e. organic acids and their salts from reaction with the solvent amine. Further 
important aspects are the waste stream quantities and compositions as well as the levels of amine losses 
created by the reclaiming process itself.  
In the next years different reclaiming technologies will be tested at the Heilbronn pilot plant and 
guidelines for a solvent management system will be developed and approved. Such a management system 
should contain all the actions to be taken in order to maintain a high solvent quality, performance and 
lifetime during long-term operation of a capture plant. 
5. Conclusion 
During the benchmark campaign with 30 wt. % MEA it was found that the minimum specific reboiler 
duty is less than 3.4 GJ/t CO2 at a liquid-to-gas ratio of 2.7 kg/kg and a capture rate of 90 %. Solvent 
samples were analysed by titration and CO2 solvent loading well above 0.5 mol CO2/mol MEA were 
determined. The MEA degradation in the pilot plant is clearly dominated by the oxidative degradation and 
characterized by the formation of formate and oxalate. There are still issues to be solved to get a real 
understanding of the time dependence and the parameters influencing the MEA degradation under real 
power plant operating conditions. Maintaining the level of solvent degradation products to a minimum 
level has occurred to be crucial for a safe and cost-effective long-term operation of amine-based post-
combustion CO2 capture systems for coal-fired power plants. In the next years different reclaiming 
technologies will be tested at the pilot plant and a solvent management system will be developed and 
approved. The target remains to better evaluate the operational performance of CO2 capture systems and 
its implications on the capital and operational cost of coal-fired power plants. 
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